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ABSTRACT 
Woody biomass is a crop that might be profitably produced on marginal lands in 
Iowa. However, there is little available information regarding the growth and economic 
feasibility of woody biomass in Iowa. To address this issue, a study was initiated in 1995 to 
analyze biomass growth of certain species planted on marginal lands. Nine species/hybrids 
including: the 'Crandon' clone (Populus alba X P. grandidentata), 'Eugenii' clone (Populus 
euramericana), and silver maple (Acer saccharinum) were established in test plantings on 
bottomland, steep slopes, and upland agricultural land. Annual growth data were collected 
for each test planting over a ten-year period. Yield models were developed to predict 
biomass per hectare for the three named species/hybrids, using two modeling strategies. The 
first was a site specific model, meaning that separate equations were developed for each tree 
species on each land type. The second was a site quality specific model, meaning that 
separate equations were developed for each tree species, using the average height of trees at 
age eight as a measure of site quality. Crandon had the highest rate of biomass production on 
all land types. Economic analyses were conducted to compare the feasibility of growing the 
three tree species on various land types in Iowa, and Crandon had the highest economic 
return for short rotation biomass production on all land types. 
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CHAPTER 1: General Introduction 
Introduction 
An important issue for many farmers in Iowa is the productivity of their marginal 
cropland. Marginal land is broadly defined as land characterized by land uses that are at the 
margin of economic viability (Strijker, 2004). In Iowa, marginal land is typically referred to 
as land with certain characteristics that prevent it from being profitably farmed. Many 
general land types are considered marginal, such as semi-arid land, bottomland, marshland, 
and steep slopes (Nawab, 1997). Marginal lands in Iowa can consist ofbottomlands that tend 
to have excess moisture, ridgetops or high slopes that can be excessively dry, and lands that 
have been rated as having medium to low quality soils for farming (IUCN, 2001; Lasanta et 
al., 2000). Natural ecosystems commonly found on marginal land include natural and semi-
natural pastures, prairies, shrub areas, and woodlands. Com and soybeans are common crops 
planted on marginal lands in Iowa, though soybeans have a low tolerance for excessive 
moisture. 
Facing economic hardship and wanting to increase marketable production, many 
landowners are interested in finding suitable crops that can be profitably managed on 
marginal lands. Landowners also are being encouraged by state and federal governments to 
use better land management practices that reduce the potential for erosion, nutrient depletion, 
and flooding. 
There is increasing interest in producing biomass on marginal farmland, which could 
lead to better land management practices, and research is being conducted to support this 
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concern. Currently, the primary focus of biomass research in Iowa is on the use of 
herbaceous species, such as switchgrass (Panicum virgatum) (Hallam, 2001). However, 
there have been some recent woody biomass studies conducted in Iowa focused on the 
growth of eastern cottonwood (Populus deltoides) and silver maple (Acer saccharinum) 
(Colletti, 1994; Riemenschneider et al., 2001). For both herbaceous and woody biomass 
production, research has been performed primarily within certain regions of the state. Some 
rural communities have developed small-scale biomass operations in cooperation with local 
power plants and wood mills (Woolsey, 1992). Due to a lack of industries that utilize woody 
biomass and information about productivity, there is no major market for woody biomass in 
Iowa. 
For woody biomass to be considered a feasible crop for production on marginal lands 
in Iowa, information about the productivity of woody biomass needs to be developed. 
Landowners interested in producing biomass and industries that can utilize it need 
information about the productivity of various species on a range of land types. In addition, 
landowners need information regarding the economic feasibility of growing woody biomass, 
particularly on marginal lands. The primary goal of this study was to assess the potential of 
biomass production and it's economic feasibility for certain tree species planted on marginal 
lands in Iowa. This involved estimating biomass yields of three species on three land types. 
The research objectives of this study were to: i) collect and analyze annual growth data from 
test plantings around Iowa, ii) develop biomass yield models, iii) and conduct economic 
analyses based upon yield model predictions. 
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Literature Review 
Marginal land 
Marginal land is broadly defined as land that is characterized by land uses that are at 
the margin of economic viability (Strijker, 2004). Marginal land can consist of many 
different natural land types including: bottomland, steep slopes, arid land, rocky land, and 
floodplains. Given many different names, such as tierras marginales in Spain and 
Grenzertragsboden in Germany, marginal land has been identified in virtually every country 
where agriculture is important. In addition to marginal land caused by natural characteristics, 
it can also be created by intense agriculture production. One of the most common examples 
of the creation of marginal land is desertification. Over the past 40 years, Niger has 
experienced desertification of the Sahara, creating approximately 2,500 km2 of desert 
annually (Eden Foundation, 2005). 
Marginal land is not exclusively an agricultural term. In many countries marginal 
lands are associated with urbanization and the degradation of natural land cover. In India, 
the expansion of urban areas associated with extreme population growth is converting 
approximately 1,500 square kilometers of forest into marginal land annually (Nawab, 1997). 
It has been estimated that in the United States, one acre of arable land is lost to urbanization 
for every new person added to the population (Pimentel and Giampietro, 1994). Wars also 
contribute to the development of marginal lands. In Vietnam, landmines alone have caused 
enough residual soil damage to decrease rice productivity by 50% (Gangwar, 2003). 
In terms of agriculture, crop production on marginal land is an issue that has 
concerned landowners throughout the world for many years. As human population increases 
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and the costs of farming increase, many farmers are beginning to apply intense cultivation 
and grazing to marginal lands in an attempt to increase revenue. Varying by region, this 
intensive agriculture is occurring on many types of marginal land, including steep slopes, 
bottomland, semi-arid land, and forested land (IUCN, 2001; Lasanta et al., 2000). In many 
cases, entire farms will be located on what is classified as marginal land. In Nepal, farmers 
producing crops on marginal land account for approximately 69% of all landowners in the 
country (MOPE, 2005). 
Much of the marginal land that has been shifted to cultivation or grazing over the last 
century was originally forest. There was an 8.6% decrease of forested land in Australia and 
New Zealand between 1980 and 1995 as a result of agricultural land expansion (UNEP, 
2005). Another issue is desertification of forested and predominately dry regions, such as in 
certain parts of Africa and Asia. The primary causes for desertification on marginal land are 
wind and water erosion following the removal of perennial vegetation. IUCN (2001) stated 
that in Argentina alone, 650,000 hectares of previously forested land are at risk of 
desertification due to unchecked firewood cutting and agricultural expansion. 
In the United States, the issue concerning the production of marginal lands began 
more than 150 years ago in the southeast. From the time of European settlement until the 
early 1900's, most of the cropland in the southeastern states was used for production of 
tobacco and cotton. Many of the soil types in this region are inherently sandy and relatively 
infertile (Jokela and Long, 1999). Due to the intense cropping of these nutrient demanding 
species and the inherent marginality of the land, the fertility of the soils in this region was 
depleted very quickly, eventually resulting in many areas being converted to pine plantations. 
Many of these pine plantations are monoculture stands of loblolly pine (Pinus taeda) due to 
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their rapid growth and suitability to sandy and clay soils (NADF, 2005). Similarly, issues 
have arisen concerning desertification of marginal land in the southwest United States. On 
much of the public land in Arizona, overgrazing and water usage on predominately semi-arid 
land is causing the degradation of natural plants and lowering of the water table, thereby 
increasing desertification (Witzeman, 2001 ). 
In Iowa, marginal land is typically referred to as land that has certain characteristics 
that prevent it from being profitably farmed. USDA (2005) stated that there are 
approximately 31 million acres of farmland in Iowa. There are three general classifications 
for land in Iowa: i) upland agriculture, ii) bottomland, iii) and steep slopes. The majority of 
marginal lands in Iowa are bottomlands and areas with steep slopes. Land quality in Iowa is 
often categorized in terms of high, low, or medium crop suitability (Edwards and Smith, 
2005). By this categorization, steep slopes and bottomland, particularly flood susceptible 
bottomland, would typically be classified as low productivity land. 
Woody biomass 
Classification and uses 
Biomass production is a relatively new form of agriculture that is increasing in 
popularity around the world. Biomass is broadly defined as the mass of organic material 
found in a certain area. This definition includes many organic products including waste 
products, grasses, trees, annual crops, and animal matter (Binkley et al., 2004). 
In contrast to general biomass classification, woody biomass consists of the wood, 
bark, and foliage from trees or other woody plants. The use of woody biomass is steadily 
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increasing worldwide as the demand for wood and energy resources increases. Producing 
biomass from trees on agricultural land has become common practice in several European 
countries (Hoffman and Weih, 2004). In many regions, woody biomass production is used as 
an agroforestry practice with livestock integration. Small-scale biomass and livestock 
farmers constitute the majority of rural landowners in southeast Asia (Waters-Bayer, 1992). 
Ravindranath et al. (2004) promotes renewable biomass as a good alternative for sustainably 
meeting the needs of communities. 
Growing biomass on marginal lands as an alternative to row cropping is certainly not 
a new idea. In regions with high population and intense cultivation farming, research has 
been conducted for biomass production on many types of marginal land. EECI (2005) 
described the perceived advantages of planting biomass crops on steep slopes in Italy. 
Grainger (1990) estimated that there are approximately 651 million acres of marginal land in 
developed countries that are suitable for woody biomass. In the northwest United States, 
research is being done with fast growing hybrid poplars in an attempt to compensate for 
diminished timber supply through biomass growing (Shock and Feibert, 2003). Fege (1983) 
and Hansen et al. ( 1994) stated that hybrid poplar plantations could be successfully planted 
with cuttings of hybrid clones. This research pertains greatly to developing hybrids that have 
rapid rates of growth. 
There can be ecological drawbacks to growing woody biomass, particularly from 
genetically engineered trees in plantations. Forest pest problems can be common in 
monoculture biomass plantations due to the lack of genetic diversity (NADF, 2005). In 
addition, there have been many concerns about the presence of toxic genes being spread 
through pure stands of hybrid poplars and other engineered species (Rosalind et al., 1997). 
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Commonly used hybrid poplars have also faced certain disease problems, such as 
Cryptosphaeria strains that previously did not exist in the regions where poplars were 
planted (Harrington, 2004). However, planting woody biomass also can have positive 
ecological impacts. Vogel (1981) indicated that it is possible to reclaim disturbed mining 
sites by using woody biomass species, given that the soil and microclimate characteristics are 
favorable. 
In Iowa and much of the Midwest, the production of woody biomass is at an early 
stage of development. Hallam et al. (2001) stated that the most recent studies of biomass 
production in the Midwest evaluated herbaceous crops, such as switchgrass (Panicum 
virgatum). In the Chariton Valley area in southern Iowa, an energy biomass project has been 
developed based on the statement from Woolsey (1992) that switchgrass is an excellent 
energy species. Though Iowa currently has a very small market for woody biomass products, 
research has been conducted in the Amana Colonies with short rotation silver maple (Acer 
saccharinum) and eastern cottonwood (Populus deltoids) (Colletti, 1994). 
Prediction and modeling 
Varying greatly by species and region, woody biomass yield modeling techniques 
have been developed using many different strategies. Smith (1985) stated that it is becoming 
increasingly important for the assumptions, upon which biomass estimates are based, to be 
specified. Assumptions are commonly made while developing biomass estimation equations. 
One example of this is wood weight assumptions. Manwiller (1975) suggested that one 
could assume that the moisture content of bark is the same as that of wood for trees with 
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large stem diameters. In addition to critical assumptions, another major factor in biomass 
prediction is the use of tree growth parameters. 
Whittaker and Woodell ( 1968) described a method often used by foresters to predict 
tree biomass accumulation. This method basically relies on consistency in the relationship 
between different plant dimensions, including diameter at breast height ( dbh), and total 
height (Jenkins et al., 2004). Tree height and dbh are growth variables that are often used in 
woody biomass yield models, even when exact values of these parameters are unknown. 
Nagel and Acka (1987) conducted a study in which aerial photographs of Norway spruce 
(Picea abies) stands were used to estimate heights and dbh values, which were later used to 
predict biomass. 
In addition to dbh and height, there are other growth parameters that can also be 
valuable in predicting biomass growth, such as crown characteristics. Unlike yield models 
for sawtimber, many biomass models predict whole tree biomass (Peper and McPherson, 
1998). In terms of weight analysis, crown measurements for this type of model are often 
taken from random trees as described by Cleemput et al. (2004). In addition, there have been 
other models made that actually use stump volume equations from post harvest data as a 
growth parameter (Raile, 1982). 
Regression analysis is usually the statistical method used to develop biomass growth 
equations. Different types of regression can be used, depending upon the characteristics of 
the data and the type of model to be developed. One type of regression often used is adjusted 
least squares regression (Miller, 1983). However, it can be beneficial to use mixed 
regression to take into account random effects caused by individual variables. 
Schabenberger and Pierce (2002) stated that a mixed regression can estimate the average 
9 
trend in data and apply averages of the cluster specific trend as well. Whatever the type of 
regression used, it is usually beneficial to use log transformation of yield data when modeling 
biomass so that a more normal distribution can be achieved (Goerlich et al. , 2001). 
Economics of biomass production 
One of the most important factors in gauging the economic competitiveness of woody 
biomass production is cost. Perlack et al. (1985) stated that the contribution of woody 
biomass as a production alternative ultimately depends upon the extent of cost reductions, 
both in terms of overhead cost and alternative cost. For a workable economic analysis to be 
performed for biomass production, accurate economic and production information for woody 
biomass growing is needed. Vyas and Shen (1982) described a sequential method in which 
all applicable costs and revenues of production are organized according to present value 
before the analysis. In addition to cost analysis, the usefulness of economic analyses for 
woody biomass also depends upon the methods used for the analysis. Some analyses are 
restricted to cost and benefit estimations of the biomass species in question, while other 
analyses include information regarding competition with other commodities (Roos et al., 
1998). 
The primary objective of economic analyses of biomass is to determine the economic 
feasibility of growing biomass. Environmental constraints can often reduce economic 
feasibility for growing woody biomass. Gallagher et al. (2001) states that harvesting costs 
can significantly increase for biomass grown on land with high erosion potential. Another 
issue pertaining to economic feasibility of woody biomass is competitive crop markets. If 
significant amounts of land in the U.S. were taken out of com production and put into 
10 
biomass production, food prices would increase, as would the price of planting and 
maintaining biomass crops (Graham et al., 1996). 
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CHAPTER 2: Short-rotation woody biomass as a crop on 
marginal lands in Iowa 
A manuscript to be submitted to the Northern Journal of Applied Forestry 
Michael E. Goerndt and Carl W. Mize 
Abstract 
Woody biomass is a crop that might be profitably produced on marginal lands in 
Iowa. There is, however, little available information regarding the growth and economic 
feasibility of woody biomass production in Iowa. To address this issue, a study was initiated 
in 1995 to analyze biomass growth of certain species planted on marginal lands. Nine 
species/hybrids, including the 'Crandon' clone (Populus alba X P. grandidentata), the 
'Eugenii' clone (Populus euramericana), and silver maple (Acer saccharinum), were 
established in test plantings on bottomland, steep slopes, and upland agricultural land across 
the state. Annual growth data were collected for each test planting. Yield models were 
developed to predict biomass per hectare for the three named species/hybrids, using two 
modeling strategies. The first was a site specific model, meaning that separate equations 
were developed for each tree species on each land type. The second was a site quality 
specific model, meaning that separate equations were developed for each tree species, using 
the average height of trees at age eight as a measure of site quality. Crandon had the highest 
rate of biomass production on all land types. Economic analyses were conducted to compare 
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the feasibility of growing the three tree species on various land types in Iowa, and Crandon 
had the highest economic return for short rotation biomass production on all land types. 
Introduction 
An important issue for many landowners in Iowa is the management of marginal 
cropland. Marginal croplands include bottomlands that tend to have excess moisture, 
ridgetops or high slopes that can be excessively dry, and lands that have been rated as having 
medium to low quality soils for farming (IUCN, 2001; Lasanta et al., 2000). Land quality in 
Iowa is often categorized in terms of high, medium, or low crop suitability (Edwards et al., 
2005), and marginal croplands often are rated low for crop suitability. Natural ecosystems 
commonly found on marginal land include natural and semi-natural pasture, shrub areas, and 
woodlands. Com and soybeans are typical row crops planted on marginal land in Iowa, 
though soybeans have a low tolerance for excessive moisture. 
Facing economic hardship and wanting to increase marketable production, many 
landowners are interested in finding crops that can be profitably produced on their marginal 
lands. Woody biomass is a possible crop, but little information exists about levels of 
production and profitability of producing it in Iowa. 
There is increasing interest in producing biomass on marginal farmland, and research 
is being done to support this concern. Currently, the primary focus of biomass research in 
Iowa is on the use of herbaceous species, such as switchgrass (Panicum virgatum) (Hallman, 
2001). There have been, however, some recent woody biomass studies conducted in Iowa 
focused on the growth of eastern cottonwood (Populus deltoides) and silver maple (Acer 
saccharinum) (Colletti, 1994; Riemenschneider et al., 2001 ). For both herbaceous and 
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woody biomass production, research has been performed primarily within certain regions of 
Iowa. Due to a lack of industries that can utilize woody biomass and information about 
productivity, there is no major market for woody biomass in Iowa. 
For woody biomass to be considered as a feasible crop on marginal lands in Iowa, 
information needs to be developed about the yield and profitability of producing woody 
biomass in Iowa. The primary goal of this study was to assess the biomass production and 
economic feasibility for certain tree species planted on marginal lands in Iowa, which 
involved developing equations to estimate biomass yield of multiple species on different land 
types. The objectives of this study were to: i) collect and analyze annual growth data from 
test plantings around Iowa, ii) develop biomass yield models, iii) and perform economic 
analyses based upon yield model predictions. 
Materials and Methods 
Site preparation and establishment 
Starting in the spring of 1995, 16 test plantings were established over four years on 
various landscapes throughout Iowa. Some plantings were established on land owned by 
Iowa State University (ISU) and the state of Iowa, but most were planted on privately owned 
land in cooperation with the current landowners. The original intent was to establish all 
plantings in bottomlands to assess the productivity of flood susceptible land. However, it 
was decided that plantings should be established on a wider range of landscapes to measure 
production on bottomland, upland slopes, and upland agricultural land (Table 1 ). Three of 
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the 16 plantings were abandoned within the first three years due to extreme mortality caused 
by deer damage and unsuitable growing conditions (Mize, 2004). 
Table 1. Owner, location, year of planting, and classification of biomass test plantings 
existing in 2004. 
Owner Location (Iowa) Established Site Classification 
Loess Hills (IDNR)a West 1995 Bottomland 
Jack Miner (private) South-central 1995 Bottomland 
Gene Frye (private) East 1995 Slope 
Larry Krotz (private) East 1995 Bottomland 
Jack Miner (private) South-central 1995 Bottomland 
Neely-Kinyon (ISU)b Southwest 1996 Slope 
NW Farm (ISU) Northwest 1996 Ag-land 
Jim Ahrens (private) East 1996 Slope 
Larry Krotz (private) Southeast 1996 Bottomland 
Armstrong (ISU) Southwest 1997 Slope 
North Farm (ISU) North 1997 Ag-land 
Bruce Burroughs (private) Central 1998 Ag-land 
Jack Miner (private) South-central 1998 Bottomland 
alowa Department of Natural Resources (IDNR) 
blowa State University (ISU) 
The test plantings evaluated in this study included five sites located on upland slopes, 
five on bottomland, and three on agricultural land (Table 1 ). The plantings were established 
in various locations in Iowa to represent differences in site characteristics by region (Table 
1 ). In 2004, the plantings ranged from seven to ten years of age. 
The plantings were established using pre-determined arrangements of six to eight 
individual plots, with species randomly assigned to each plot. The species/hybrids used 
included the clone 'Eugenii' (Populus euramericana) , the clone 'Crandon' (P. grandidentada 
X P. alba), silver maple (Acer saccharinum), eastern cottonwood (Populus deltoides), two 
willow clones (Salix amygdaloides XS. alba) and (Salix glatfelteri XS. alba), and in many 
plantings a mixture of other species, such as Osage orange (Maclura pomifera), hackberry 
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(Ce/tis occidentalis), and mulberry (Mora sp.). Each plot contained seven rows of trees and 
eight to ten trees per row, depending on the location of the plot relative to other plots. Each 
plot had a spacing of 3.05 meters between rows and 1.83 meters between trees within a row, 
with the trees arranged in perpendicular rows and columns. At each site, six to eight plots 
were planted, using one of two spatial arrangements. The first arrangement consisted of 
planting all plots end to end, creating one long rectangular planting. The second consisted of 
planting half of the plots end to end and planting the other half in the same manner parallel to 
the first half, with at least 6.5 meters between the two halves. The arrangement of the plots 
depended primarily on the spatial arrangement of the soil on the planting site. Each planting 
was arranged to fit completely on one soil type. For diagrams representing plot 
arrangements, refer to the appendix. 
Each planting received weed control for up to three years. Before planting, most 
sites, which were covered by perennial grasses, were strip sprayed with Roundup® (mention 
of this product does not imply endorsement) to create 1.5-m wide bands of mostly dead 
grasses in which to plant the trees. No preparation was done on the sites that had been in 
annual crops before planting trees. After planting, weed control consisted of spraying pre-
emergents in the spring and occasionally Roundup for spot weed control. Some sites were 
also mowed one or two times per year between rows, depending upon the preference of the 
landowner. 
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Data collection and analysis 
Measurements 
Trees on most sites were measured annually, although some sites were not because of 
inadequate funding. The diameter at breast height ( dbh) was measured on all trees, allowing 
an assessment of diameter growth and mortality. Height measurements were made on the 
middle four trees of every row in each plot. Height was measured using telescopic height 
poles until the trees were too tall to measure, usually at age six. When tree heights exceeded 
the heights of the poles, the average height of the central four trees in each plot was measured 
with a clinometer. Height was measured only on the central four trees of each row to avoid 
the influence of species in adjacent plots. Typically, the biomass weight of trees in the first 
and last row of each plot would be higher than other trees because of edge effects. Because 
most biomass plantations would probably be planted in narrow sections similar to those used 
in this study, edge effects for the first and last row of each plot were not considered. DBH 
was measured with calipers. 
Most of the species planted tend to form single stems, but some, particularly silver 
maple, tend to form multiple stems. We decided that up to three stems would be measured 
for every tree. For multi-stemmed trees, the stem with the largest dbh was measured, and the 
stems with the second and third largest dbh were measured, if their heights were at least 2/3 
of the height of the stem with the largest dbh. This system was used based on the assumption 
that the three largest stems would contain a large percentage of the biomass for a multi-stem 
tree (Mize, 2004). 
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Estimation of tree biomass 
For reasons to be described in the results section, yield models were developed only 
for Crandon, Eugenii, and silver maple. As no equations existed for estimating individual 
tree weights for the three species across the range of sizes encountered in this study, weight 
estimation equations were developed for each species. To develop these equations, trees 
needed to be cut down and measured. 
Trees to be cut were chosen from different sites to represent the range of dbh and 
heights encountered for each species. The methodology for handling each tree to be 
evaluated included: i) recording dbh and felling the trees, leaving a four inch stump, ii) 
cutting the stem into two-meter sections, iii) taking 5 cm thick disks from the bottom of each 
section, and iv) weighing the stem sections and the total branch yield separately. 
Each stem was cut into two-meter sections to facilitate weighing and to allow 
estimation of weight with increasing height. Branch samples were taken using the method of 
Peper and McPherson (1998), in which a linear path is marked vertically along the live crown 
and a sample taken at every node. Weights were measured with a digital scale. Branch 
samples and the two cm thick disks were used to estimate dry weight conversion factors. 
Samples were oven dried at 103° C to approximately 0% moisture content (Stokke, 2005), 
and re-weighed to estimate the percentage weight loss. 
Data analysis 
The Statistical Analysis System (SAS) was used to estimate tree and plot values, 
develop the weight estimation equations, and develop yield models (SAS, 2002). Linear 
regression (PROC REG) with log transformation was used to create weight estimation 
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equations, using height and dbh as independent variables. Log transformation is often used 
in forestry analyses because it can produce a more normal distribution of data (Goerlich et 
al., 2001). 
To model biomass over time, mixed model regressions (PROC MIXED) with log 
transformation were used to create yield equations for each species and site type with age as 
the independent variable (Schabenberger and Pierce, 2002). Additional models were created 
that predict yield for each species using age and a measure of site quality as independent 
variables. The average height of main stems at year eight was chosen as the site quality 
factor to simulate the type of value typically used for site index in forest growth models. 
Year eight was used because for short-rotation biomass production, harvesting would 
probably occur sometime between years eight and 12. The majority of plots had not been 
measured at year eight, so linear regression was applied to every plot to predict average 
heights using age as an independent variable . Mixed model regression was then used to 
model biomass yield of the three species using age and site quality as independent variables. 
In the mixed model regressions for both types of models, different combinations of random 
effects, including intercept, log of year, and year were used to achieve the best statistical fit 
possible for each model. 
Diseases 
Due to concerns about crown dieback of Crandon on the site owned by Jack Miner in 
south-central Iowa (Table I), a disease assessment was performed for Crandon on that site. 
It was suspected that trees could be infected with a variety of Cryptosphaeria sp., a fungus 
that can cause gradual death of the cambium (Harrington, 2004). Trees on the site were 
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selected to represent different stages of mortality, including completely dead, partially dead, 
and stressed. For each tree, cuttings were taken both at the top, where crown dieback was 
occurring, and near the base, where fruiting bodies of Cryptosphaeria usually emerge. The 
top cuttings were taken primarily for an assessment of possible secondary agents. Small 
pieces were cut from each sample and placed in culture to be analyzed. 
The disease analysis primarily consisted of observing the cultured samples under a 
microscope. The samples were cultured for approximately two weeks, during which time 
observations were made about every three days. 
Economic analysis 
An economic analysis was performed using biomass yield estimates from the site 
specific models to assess the economic feasibility of growing each species on each land type. 
Cost estimations included land rent, planting, plants, weed control, and harvest (Table 2). 
Table 2. Cost estimates for growing woody biomass in Iowa on bottomland, steep slopes, 
and upland agricultural land. 
Activities Year Values($ per unit) 
Land Rent 1-12 
(Bottomland) - $272.00 I ha 
(Slopes) - $272.00 I ha 
(Ag-land) - $324.00 I ha 
Planting 0 - $520.00 I ha 
Plants 0 - $697.00 I ha 
Management 2 -$110.40/ha 
Harvest 3-12 - $20.00 I MT 
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Land rent was calculated using county survey results (Edwards and Smith, 2005), 
which categorized rent values based upon expected crop productivity. Planting cost was 
calculated by averaging various Iowa contractor prices (Goerndt, 2005). The planting cost 
included pre-emergent spraying and first year weed control with Oust herbicide (mention of 
this product does not imply endorsement). The cost for plants was estimated using average 
nursery prices from Iowa and surrounding states (IDNR, 2005; SR, 2005). The cost of 
management included second year spraying of Oust for weed control (Edwards, 2003). 
Harvesting cost was estimated by using Minnesota pulpwood harvesting estimates (MDNR, 
2004). Biomass value was estimated at approximately $82.00 per dry metric ton, based upon 
Minnesota hardwood pulp prices (Spelter, 1996; MDNR, 2004). Net Present Value (NPV) 
was calculated for biomass harvest at ages three through 12 by discounting all expected cost 
and revenue for each year, assuming a 7% Alternative Return Rate (ARR). 
Results 
Tree growth 
The average height and dbh of the four trees in the center of the seven rows of each 
plot were calculated for each species (Tables 3 and 4). For trees with multiple stems, only 
the one with the largest dbh was used to calculate averages. Rates of mortality were also 
calculated for every species (Table 5). 
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Table 3. Average heights (m) of main stems per species for years three, five, eight, and ten, 
averaged over all plantings. 
Average height (m) 
Species Bottomland Slopes Ag-land 
Crandon 13.8 9.3 10.3 
Eu genii 11.2 7.2 9.1 
Silver maple 6.5 5.9 7.1 
Cottonwood 9.2 7.1 10.l 
Willow 9.7 6.3 9.2 
Hackberry 1.1 1.1 1.5 
Mulberry 1.3 1.2 1.5 
Osage orange 1.5 1.6 3.1 
Table 4. Average dbh (cm) of main stems per species for years three, five, eight, and ten, 
averaged over all plantings. 
Average dbh (cm) 
Species Bottomland Slopes Ag-land 
Crandon 10.l 6.9 9.9 
Eugenii 8.6 3.2 8.8 
Silver maple 4.5 3.4 6.5 
Cottonwood 8.5 3.9 11.1 
Willow 6.7 2.9 9.8 
Hackberry 0.8 0.3 1.2 
Mulberry 0.9 0.2 2.1 
Osage orange 0.9 0.6 2.9 
Of all species, Crandon grew the tallest over six years, followed by cottonwood, 
Eugenii, willow, and silver maple (Table 3). Similarly, Crandon achieved the greatest dbh 
growth over six years, followed by willow, cottonwood, Eugenii, and silver maple (Table 4). 
Refer to the appendix for average height and dbh for all years. 
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Table 5. Percentage survival for each species at the end of 2004, averaged over all plantings, 
and ranking based upon survival compared to other species. 
Species 
Crandon 
Eu genii 
Silver maple 
Cottonwood 
Willow 
Hackberry 
Mulberry 
Osage orange 
Survival 
(%) 
94 
88 
92 
74 
73 
70 
55 
82 
Ranking 
1 
3 
2 
5 
6 
7 
8 
4 
Survival and growth rate were the most important factors in deciding which species 
were suitable for yield modeling. Tree species with the least mortality overall were chosen 
for yield modeling. Crandon had the highest percentage survival, while mulberry had the 
lowest (Table 5). Because they had the highest survival rankings and grew relatively fast on 
all land types, Crandon, Eugenii, and silver maple were chosen for biomass modeling. 
Weight analysis 
Separate weight prediction equations were developed for the three species chosen for 
modeling. The equations predict individual stem dry weight (kilograms) using height and 
dbh as independent variables. The tree biomass equations have the following form. 
Log (Dry weight)= Log (A)+ B*Log (dbh) + C*Log (height) 
Where dbh =diameter at breast height (cm) and 
height= total stem height (m). 
Dry weight of individual trees was estimated by exponentiating the predicted Log 
(Dry weight). 
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Table 6. Coefficient estimates, mean squared errors (MSE), sample sizes (n), and r-squared 
values for the overall model associated with the tree biomass equations for 
Crandon, Eugenii, and silver maple. 
Coefficient Coefficient Coefficient 
Species A B C MSE (n) R2 
Crandon 0.04 1.8 0.84 1.03 17 0.99 
Eu genii 0.03 1.68 1.09 1.01 15 0.99 
Silver maple 0.17 2.19 -0.04 1.03 16 0.99 
The weight equations indicated that the dry weight increase per unit increase of 
height and dbh was highest for silver maple and lowest for Eugenii. These equations were 
applied to plot data to estimate total dry weight per hectare for every year measured. 
Site specific yield models 
Site specific yield models were developed to predict biomass accumulation over time 
for each species on each site type. The models estimate biomass dry weight in metric tons 
(MT) per hectare, using age as an independent variable. For each model, average yield 
predictions from years three to ten were graphed, along with curves for the upper and lower 
bounds of a 95% confidence interval (Figures 1 - 3; Figures 5 - 7; Figures 9 - 11). 
Additionally, for each species, the average yield predictions from all models for that species 
were graphed (Figure 4; Figure 8; Figure 12) The equations for all site specific models 
(Tables 6 - 8) have the following form. 
Log (Dry weight)= Log (A)+ B*Log (age) 
Where: age= age of the planting (years). 
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Biomass dry weight for each plot was estimated by exponentiating the predicted Log 
(Dry weight). 
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Figure 2. Average predicted biomass dry weight for Crandon planted on steep slopes. 
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Figure 3. Average predicted biomass dry weight for Crandon planted on agricultural land. 
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From years three to ten, the average predicted dry weight for Crandon planted on 
bottomland increased from 17.9 to 259 MT per hectare (Figure 1), with Mean Annual 
Increment (MAI) increasing from 5.9 to 23.9 MT per hectare per year. Average predicted 
dry weight for Crandon planted on slopes increased from 3 .9 to 163 MT per hectare (Figure 
2), with MAI increasing from 1.3 to 16.3 MT per hectare per year. Average predicted dry 
weight for Crandon planted on agricultural land increased from 5.5 to 298 MT per hectare 
(Figure 3), with MAI increasing from 1.8 to 29.8 MT per hectare per year. 
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Figure 4. Average predicted yield for Crandon planted on bottomland, slopes, and 
agricultural land. 
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Average predicted yield of Crandon was highest on bottomland until approximately 
year nine (Figure 4 ). After year nine, average predicted yield of Crandon was highest on 
agricultural land. Average predicted yield of Crandon was the lowest on slopes for all years. 
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Table 7. Estimates of equation coefficients for Crandon by land type, including 95% 
confidence intervals for the A coefficients and standard errors with p-values for the 
B coefficients. 
95% Confidence Interval 
Coefficient A Estimate Lower bound Upper bound 
Bottomland 
Slopes 
Ag-land 
Coefficient B 
Bottomland 
Slopes 
Ag-land 
1.27 
0.13 
0.15 
Estimate 
2.31 
3.12 
3.31 
0.42 
0.031 
0.0041 
Std. Error 
0.21 
0.39 
0.48 
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Figure 5. Average predicted biomass dry weight for Eugenii planted on bottomland. 
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Figure 7. Average predicted biomass dry weight for Eugenii planted on agricultural land. 
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From years three to ten, the average predicted dry weight for Eugenii planted on 
bottomland increased from 5.1 to 83 MT per hectare (Figure 4), with MAI increasing from 
1. 7 to 8 .3 MT per hectare per year. Average predicted dry weight for Eugenii planted on 
slopes increased from 0.72 to 20.9 MT per hectare (Figure 5), with MAI increasing from 0.24 
to 2.1 MT per hectare per year. Average predicted dry weight for Eugenii planted on 
agricultural land increased from 2.5 to 174 MT per hectare (Figure 6), with MAI increasing 
from 0.82 to 17.4 MT per hectare per year. 
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Figure 8. Average predicted yield for Eugenii planted on bottomland, slopes, and agricultural 
land. 
Average predicted yield of Eugenii was highest on bottomland until approximately 
year five (Figure 8). After year five, average predicted yield of Eugenii was highest on 
agricultural land. Average predicted yield of Eugenii was the lowest on slopes for all years. 
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Table 8. Estimates of equation coefficients for Eugenii by land type, including 95% 
confidence intervals for the A coefficients and standard errors with p-values for the 
B coefficients. 
95% Confidence Interval 
Coefficient A Estimate Lower bound Upper bound 
Bottomland 0.39 0.016 10 
Slopes 0.034 0.000003 328 
Ag-land 0.051 0.002 1.68 
Coefficient B Estimate Std. Error p-value 
Bottomland 2.32 0.56 0.003 
Slopes 2.79 0.35 0.001 
Ag-land 3.54 0.47 0.001 
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Figure 9. Average predicted biomass dry weight for silver maple planted on bottomland. 
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land. 
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From years three to ten, the average predicted dry weight for silver maple planted on 
bottomland increased from 0.7 to 76.7 MT per hectare (Figure 7), with MAI increasing from 
0.19 to 6.9 MT per hectare per year. Average predicted dry weight for silver maple planted 
on slopes increased from 0.72 to 39.8 MT per hectare (Figure 8), with MAI increasing from 
0.24 to 3.9 MT per hectare per year. Average predicted dry weight for silver maple planted 
on agricultural land increased from 6.4 to 179 MT per hectare (Figure 9), with MAI 
increasing from 2 .1 to 17.9 MT per hectare per year. 
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Figure 12. Average predicted yield for silver maple planted on bottomland, slopes, and 
agricultural land. 
For all years, predicted yield of silver maple was highest on agricultural, followed by 
bottomland and slopes (Figure 12). 
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Table 9. Estimates of equation coefficients for silver maple by land type, including 95% 
confidence intervals for the A coefficients and standard errors with p-values for the 
B coefficients. 
95% Confidence Interval 
Coefficient A Estimate Lower bound Upper bound 
Botto ml and 0.011 0.0006 0.17 
Slopes 0.018 0.00008 4.3 
Ag-land 0.302 0.027 3.4 
Coefficient B Estimate Std. Error p-value 
Bottomland 3.85 0.58 0.001 
Slopes 3.33 0.81 0.068 
Ag-land 2.77 0.101 0.001 
Site quality specific yield models 
Site quality specific models were created to predict biomass accumulation for each 
species, based upon age and average height of the stem with the largest dbh at year eight. 
The equations for all site quality specific models have the following form. 
Log (Dry weight) = Log (A) + B*Log (SQV) + C*Log (age) 
Where: SQV = average height of main stems at year eight and 
age = rotation age (years). 
Biomass dry weight for each plot was estimated by exponentiating the predicted Log 
(Dry weight). 
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A graph of each model, containing a line for the minimum, mean, and maximum site 
quality values (SQV) observed for each species was developed (Figures 13 - 15), using data 
presented in Table 10. 
Table 10. Minimum, mean, and maximum average heights at year eight for Crandon, 
Eugenii, and silver maple. 
SQV (m) 
Species Minimum Mean Maximum 
Crandon 9.7 15.2 18.l 
Eugenii 6.3 10.8 14.2 
Silver maple 4.8 8.7 11.9 
The relationship between site index and land type was fairly consistent for the three 
species. On average, trees planted on agricultural land had the highest SQV, while those 
planted on slopes had the lowest, with the exception being Crandon, which had the highest 
SQV on bottomland and the lowest on slopes (Table 10). The relationship between SQV and 
total dry weight followed the same pattern. 
Estimates of coefficients, their standard errors, and p-values for each model are 
presented in Table 11. 
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Figure 13. Predicted biomass dry weight for Crandon by minimum, mean, and maximum 
SQVs. 
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Figure 14. Predicted biomass dry weight for Eugenii by minimum, mean, and maximum 
SQ Vs 
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Figure 15. Predicted biomass dry weight for silver maple by minimum, mean, and maximum 
SQVs. 
From years three to ten, the average predicted dry weight for Crandon increased from 
3.6 to 108 MT per hectare for the minimum SQV, from 7.8 to 230 for the mean, and from 
10.5 to 310 for the maximum (Figure 10). The average predicted dry weight for Eugenii 
increased from 0.61 to 18.5 MT per hectare for the minimum SQV, from 2. 7 to 82.3 for the 
mean, and from 5.6 to 173 for the maximum (Figure 11). The average predicted dry weight 
for silver maple increased from 0.21 to 12.3 MT per hectare for the minimum SQV, from 1.2 
to 73 .6 for the mean, and from 3.3 to 197 for the maximum (Figure 12). 
40 
Table 11. Estimates of equation coefficients for the site quality specific models, including 
95% confidence intervals for the A coefficients and standard errors with p-values 
for the B coefficients. 
95% Confidence Interval 
Coefficient A Estimate Lower bound Upper bound 
Crandon 0.0033 0.00002 0.19 
Eugenii 0.0002 0.00001 0.001 
Silver maple 0.00004 0.000003 0.002 
Coefficient B Estimate Std. Error p-value 
Crandon 1.71 0.61 0.009 
Eu genii 2.75 0.27 0.001 
Silver maple 3.09 0.55 0.001 
Coefficient C Estimate Std. Error p-value 
Crandon 2.81 0.25 0.001 
Eu genii 2.85 0.33 0.001 
Silver maple 3.4 0.51 0.001 
Economic analysis 
For the economic analysis, NPV was calculated from years one to 12 for each species 
on each land type assuming a 7% Alternative Return Rate (ARR). The break-even age 
(BEA), minimum return, and maximum return for the twelve-year analysis were calculated 
for the three species (Table 12). 
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Table 12. Break-even year, minimum return, and maximum return for all three species by 
land type based upon a 12-year analysis. 
Land type BEA (year) Minimum ($/ha) Maximum ($/ha) 
Crandon 
Bottomland 
Slopes 
Ag-land 
Eu genii 
Bottomland 
Slopes 
Ag-land 
Silver maple 
Bottomland 
Slopes 
Ag-land 
4 
7 
6 
9 
> 12 
8 
10 
11 
6 
380 
440 
550 
250 
0 
750 
120 
1,440 
82 
8,530 
5,600 
12,300 
1,200 
0 
6,380 
3,800 
1,860 
8,020 
Crandon planted on agricultural land produced the greatest return in a 12-year 
rotation (Table 12). However, the NPV for Crandon reached the BEA earlier on bottomland 
than agricultural land. Eugenii planted on agricultural land produced the greatest return in a 
12-year rotation and had the youngest BEA for NPV (Table 12). Eugenii planted on slopes 
did not produce a positive return within a 12-year rotation. Silver maple planted on 
agricultural land produced the greatest return in a 12-year rotation and had the youngest BEA 
for NPV (Table 12). The BEAs for silver maple were similar for trees grown on bottomland 
and slopes. 
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Diseases 
The disease assessment for Crandon revealed that Cryptosphaeria was the primary 
agent causing stem mortality. Initial infection (crown dieback) was observed at 
approximately year eight. Infected trees died within one to two growing seasons. In 
addition, signs of Cytospora were also found in the cultured samples. It is believed that 
Cytospora came in as a secondary agent to Cryptosphaeria. 
Discussion and conclusions 
Tree growth 
Osage orange, mulberry, and hackberry grew slowly in dbh and height on all sites 
compared to the other species, so no yield models were developed for them. Willow and 
cottonwood had reasonably high survival rates (74% and 73%) on bottomland sites, but many 
of the plantings died off completely on other sites. Therefore, it was decided that growth 
models would not be developed for willow and cottonwood due to inconsistent survival on 
all site types. 
Weight analysis 
Stems and branches were weighed separately during the tree weighing process. 
When dry weight was estimated, the weights for branches and stems were adjusted 
separately, based on the results from the dried stem and branch samples. Grouping stem and 
branch dry weights together for each tree produced a better fit in the regressions for dry 
weight prediction than adjusting tree weights based upon average crown weight percentages. 
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This was mainly due to the variability in branch weight caused by differences in plot 
characteristics and locations of sampled trees within plots. 
The estimate for the C coefficient in the biomass equation for silver maple was 
negative (Table 6), meaning that on the log scale, dry weight decreases as height increases 
for trees with equal dbh. This was caused primarily by inconsistency in the relationship 
between height and branch weight. For example, some of the silver maple trees had similar 
dbhs, but a few of them were shorter and had heavier crowns than the others. This is usually 
not a problem as long as the positive relationship between dbh and height remains consistent 
(Dixon, 2005). MSE values were fairly consistent throughout the weight equations. 
Although Crandon and Eugenii had higher rates of dbh and height growth, silver 
maple had a greater increase of dry weight per unit increase of dbh and height. This was 
primarily caused by lower average loss of weight through drying (45%) in silver maple. No 
adjustments were made to the weight equations for multiple stems. In the case of multiple 
stems, the weight equation for that particular species was simply applied to each stem 
individually, and the estimated weights summed. 
Models 
Site specific models 
The site specific models were designed to predict biomass, over time, for a particular 
species planted on a single land type. Some of the errors associated with the coefficients of 
these models were large. This was particularly evident for the A coefficient and was 
probably caused by high variability of data. The A coefficient had a greater response to 
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variation in the data than other coefficients because it represents the overall increase of the 
yield models, whereas the B coefficient represents biomass increase per increase in year. 
Therefore, in the regressions, there was much more variability for this estimate due to 
differences in the yield values of different plots, particularly for low years. One possible 
reason for high standard errors for Crandon and silver maple is high variation in the data 
caused by multiple stems. Multiple stems can cause either an increase or decrease in tree 
biomass, depending greatly upon dbh of the main stem and secondary stems. Crandon had 
some multiple stems (27%), while silver maple had mostly multiple stems (61 %). The 
standard errors for Eugenii were higher than Crandon for all land types, probably due to more 
variation in yield between different sites within the same land type. 
Eugenii planted on slopes (Figure 6) had relatively poor growth on steep slopes, 
primarily due to lack of moisture and unsuitable soil conditions. In addition to poor growth 
for trees that survived, Eugenii died off completely on two of the sites with steep slopes. 
Silver maple planted on agricultural land (Figure 11) grew extremely well, with average tree 
heights that rivaled Eugenii. In addition, most silver maple had multiple stems, which could 
have increased the total biomass for that species. The greatest biomass growth occurred on 
agricultural land and the least on steep slopes for all three species. 
The site specific models produced fairly accurate predictions of biomass growth for 
each species based upon direct comparison with plot data. Due to the exponential nature of 
the models, extrapolation beyond year 12 is not advisable. 
Because the data through 2004 does not indicate a decrease in the rate of biomass 
accumulation for these species, prediction using S-shaped models was not possible. The plot 
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data showed that annual biomass growth was still increasing at year ten, indicating that an 
exponential model is appropriate until an inflection point is found. 
Site quality specific models 
The site quality specific models were designed to predict biomass over time for each 
species using site quality and age as independent variables. Linear regression was used to 
predict average height at year eight for each plot because most sites did not have height 
measurements for year eight. Standard errors confidence intervals for the coefficients of 
these models were quite low compared to those of the site dependent models. This was most 
likely caused by using SQV s as an additional predictor, which added the influence of a factor 
that strongly influences tree growth. 
The predicted biomass yield using different SQV s showed a wider range of possible 
values for Eugenii and silver maple than for Crandon (Figures 13 - 15). These models 
produced more conservative growth predictions than the site specific models. One concern 
with using this type of model on a broad scale is the fact that SQV s for the soil types not used 
in this study is unavailable. If these models were used to predict biomass growth on 
different soil types than those used in this study, the relationship between site quality and 
land type could change, making biomass growth prediction more uncertain. 
Economics 
For the purposes of this study, a rotation length of 12 years was considered to be the 
maximum time period for short rotation biomass production. Due to the exponential nature 
of the biomass yield models, the NPV of producing biomass was constantly increasing for 
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each species on each land type. Certainly, additional biomass measurements are needed to 
determine the actual maximum NPVs. Consequently, from an optimization standpoint, 
BEAs are probably more relevant indicators of maximizing return from biomass production 
while minimizing rotation length. Assessing BEAs made it possible to identify the species 
that had greatest economic feasibility for short rotation biomass production on each land 
type. 
The BEAs for Crandon were four years for bottomland, seven years for slopes, and 
six years for agricultural land. Although return would be the greatest on agricultural land, 
bottomland had the earliest BEA for Crandon. 
The BEAs for Eugenii were nine years for bottomland, more than 12 years for slopes, 
and eight years for agricultural land. Due to poor growth, Eugenii may not be a feasible crop 
for steep slopes. It is likely that Eugenii planted on slopes would not break-even in terms of 
NPV before biomass growth reached the point of inflection, which would result in a slower 
growth rate and reduced NPV s in the future. Eu genii can often be problematic when grown 
on marginal lands due to low survival caused by diseases and stress (Riemenschneider et al., 
2001). The BEAs occur later for Eugenii grown on bottomland and agricultural land than 
for Crandon. However, because the BEAs are younger than ten years, Eugenii could be 
profitably produced on bottomland and agricultural land for short-rotation biomass 
production. 
The BEAs for silver maple were ten years for bottomland, 11 years for slopes, and 
seven years for agricultural land. Short rotation biomass production could be possible with 
silver maple planted on agricultural land. Silver maple planted on bottomland and slopes has 
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the potential for positive return, but a longer rotation would be needed to generate significant 
return. 
Based upon the economic analysis, Crandon had the greatest economic feasibility for 
short-rotation biomass production on all land types, despite an observed disease problem. 
Due to infection by Cryptosphaeria, observed at approximately year eight, it is possible that 
the rotation length of Crandon planted on bottomlands would have to be shortened. 
However, even with an eight or nine year rotation, Crandon would still out perform the other 
species in biomass production on bottomland sites. Eugenii had moderate return on 
bottomland and agricultural land, but no positive return on slopes. Silver maple had high 
return on agricultural land, but would need long rotations on bottomland and slopes. 
Summary 
This study has shown that woody biomass is a possible crop for production on 
marginal lands in Iowa. Of the species that were planted, Crandon had the highest rate of 
height and dbh growth, followed by Eugenii and silver maple. Biomass weight equations 
showed that although Crandon and Eugenii had higher rates of dbh and height growth, silver 
maple had a larger increase in dry weight per unit increase of dbh and height. 
Crandon, Eugenii, and silver maple were the only species used for yield modeling 
because these species had the highest rates of survival for all land types. The site specific 
models showed that, of the three modeled species, Crandon had the highest rate of biomass 
yield over ten years for all three land types. The site quality specific models usually 
produced more conservative growth predictions than the site specific models, but Crandon 
was still shown to have the highest rate of biomass yield over ten years. Extrapolation 
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beyond 12 years is not advisable for either type of model, because the models are exponential 
and do not have inflection points. 
Crandon had the highest economic return for short-rotation biomass production on all 
land types, though rotation length on bottomlands may have to be restricted to eight years 
due to risk of infection by Cryptosphaeria. Eugenii had moderate feasibility on bottomland 
and agricultural land, but did not reach a BEA on slopes within 12 years. Silver maple had 
high return on agricultural land, but would need long rotations on bottomland and slopes. 
Acknowledgments 
We are indebted to Jack Miner, Larry Krotz, Gene Frye, Jim Ahrens, Bruce 
Burroughs, Doug Kamm, the Iowa Department of Natural Resources, and Iowa State 
University for supplying us with parcels of land to use for this study. We also wish to thank 
the faculty and staff of the Department of Natural Resource Ecology and Management at 
Iowa State University for their resourcefulness and assistance through the duration of this 
research project. 
References 
Colletti, J. 1994. Survey oflowa biomass resources. in The potential for biomass production 
and conversion in Iowa. Final report to Iowa Energy Center. 454 p. 
Dixon, P. Personal Communication. Professor, Statistics. Iowa State University. June 15, 
2005. 
Edwards, W. 2003. Natural resources custom rate survey. Iowa State University Extension. 
FM-1698 2 p. 
49 
Edwards, W., and D. Smith. 2005. Cash rental rates for Iowa: 2005 survey. Iowa State 
University Extention. FM-1851. 14 p. 
Goerlich, D., R. Nyland, L. Zhang, and R. Sage. 2001. Reserve strip method as an alternative 
for regenerating eastern hemlock. North. J. Appl. For. 18(3): 69-73. 
Goerndt, R. Personal communication. District Forester, Iowa DNR. Creston, Iowa. May 1, 
2005 
Hallam, A., LC. Anderson, and D.R. Buxton. 2001. Comparative economic analysis of 
perennial, annual, and intercrops for biomass production. Biomass and bioenergy. 21: 
407-424. 
Harrington, T. Personal communication. Professor, Plant Pathology. Iowa State University. 
Ames, Iowa. March 1, 2004. 
ICUN. 2001. Argentina. in Proc. Conference on Desertification in South America, Collado 
A.D. (eds.) P. 6. 
IDNR. 2005. State Forest Nursery seedling price catalog. Ames, Iowa 
Lasanta, T., J. Arnaez, M. Oserin, and L. Ortigosa. 2000. Marginal lands and erosion in the 
terraced fields in the Mediterranean mountains. Mountain Res. Dev. 21 (1 ): 69-76. 
MDNR. 2004. Minnesota 2003 public stumpage price review. 16 p. 
http://files.dnr.state.mn.us/publications/forestry/marketplace/spring2004.pdf 
Mize, C. Personal communication. Iowa State University. Associate Professor, Forest 
Biometry Ames, Iowa. Septmber 1, 2003. 
Peper, P.J., and E.G. McPherson. 1998. Comparison of four foliar and woody biomass 
estimation methods applied to open-grown deciduous trees. J. Arb. 24(4): 191-200. 
Riemenschneider, D., W. Berguson, D. Dickmann, R. Hall, J. Isebrands, C. Mohn, G. 
Stanosz, and G. Tuskan. 2001. Poplar breeding and testing strategies in the north-
central U.S.: Demonstration of potential yield and consideration of future research 
needs. For. Cron. 77(2): 245-253. 
SAS. 2005. Version [9] of the SAS System for [Unix]. Copyright© [2002] SAS Institute Inc. 
SAS and all other SAS Institute Inc. product or service names are registered 
trademarks or trademarks of SAS Institute Inc., Cary, NC, USA. 
Schabenberger, 0., F. Pierce. 2002. Contemporary statistical models for the plant and soil 
sciences. P. 465-474. CRC Press. USA. 
50 
Spelter, H. 1996. Capacity, production, and manufacture ofwoodbased panels in the United 
States and Canada. USDA. Gen. Tee. Rep. GTR-90. Forest Products Laboratory. 
Madison, WI. 17 p. 
SR. 2005. Seedling price catalog. 
http://hybridpoplar.com/home/ sr 1/smartlist/1 /0. 
Accessed: May 10, 2005. 
Stokke, D. Personal communication. Assistant Professor, Forest Products. Iowa State 
University. Ames, Iowa. April 1, 2005. 
51 
CHAPTER 3: General Conclusion 
Conclusion 
Based upon the survival and growth of the species planted on the three site types, 
Crandon, Eugenii, and silver maple were chosen for biomass growth modeling. Of these 
species,. Crandon had the highest rate of height and dbh growth, followed by Eugenii and 
silver maple. Crandon had the highest rate of biomass yield for all land types. 
The site dependent models produced fairly accurate predictions of biomass yield for 
each species. In most cases, the models estimated below the observed maximum yields, 
particularly for years eight through ten, when harvest for short rotation biomass production 
would probably take place. Due to the exponential nature of the models, extrapolation of 
biomass yield beyond 12 years is not advisable. The plot data showed that annual biomass 
growth was still increasing at year ten, indicating that an exponential model was appropriate 
until an inflection point was found. 
The site quality specific models produced more conservative growth predictions than 
the site dependent models. One concern with using this type of model on a broad scale is the 
fact that SQV s for the soil types not used in this study are unavailable. If these models were 
used to predict biomass growth on different site types than those used in this study, the 
correlation between site quality and site type could change, making biomass prediction more 
uncertain. 
Crandon had the greatest economic return for short-rotation biomass production on all 
land types, despite an observed disease problem. Due to infection by Cryptosphaeria, 
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observed at approximately year eight, it is possible that the rotation length of Crandon 
planted on bottomland would have to be shortened. However, even with an eight or nine 
year rotation, Crandon would still out perform the other species in biomass production on 
bottomland sites. Eugenii had moderate feasibility on bottomland and agricultural land, but 
had no positive return on slopes. Silver maple had economic feasibility on agricultural land, 
but would need long rotations on bottomland and slopes. 
In the future, it may be beneficial to conduct similar experiments using newer hybrid 
poplar clones. Many hybrids that have been developed in recent years have the potential for 
faster growth and better survival than Eugenii, which can have various problems with disease 
and sensitivity to different land types. Additionally, if a major market is developed in Iowa 
for woody biomass, economic analyses can be expanded using up-to-date cost and revenue 
estimates tailored to woody biomass production in Iowa. 
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Appendix 
Plot 1 Plot 2 Plot 3 Plot 4 
Crandon Willow Silver Cottonwood 
Maple 
10 trees per row 8 trees per row 8 trees per row 9 trees per row 
Plot 5 Plot 6 Plot 7 Plot 8 
Eu genii Crandon Silver Eu genii 
Maple 
9 trees per row 8 trees per row 9 trees per row 10 trees per row 
Figure A 1. An example of a planting in which the plots are divided into two sections, with at 
least 6.5 meters of space between the two sections. 
Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 
Crandon Willow Silver Cottonwood Crandon Silver 
Maple Maple 
9 trees/row 8 trees/row 8 trees/row 8 trees/row 9 trees/row 9 trees/row 
Figure A2. An example of a planting in which all plots are next to each other. 
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Table Al. Average height (m) of main stems for each tree s2ecies from year three to ~ear ten. 
Year 
3 4 5 6 7 8 9 10 
S[!ecies Height {m} 
Crandon 5.0 7.6 9.9 11.9 12.5 13.5 17.7 20.1 
Eu genii 4.4 6.5 8.4 9.7 10.9 10.7 13.8 16.4 
Silver maple 2.4 3.9 4.5 6.9 6.1 8.6 11.1 12.4 
Cottonwood 3.9 5.5 6.9 8.8 9.9 10.7 14.1 16.8 
Willow 3.4 5.2 6.0 9.0 10.2 9.4 13.1 15.9 
Hackberry 1.0 1.1 1.1 1.2 1.3 1.4 1.7 2.0 
Mulberry 1.7 1.7 1.9 1.7 1.6 1.7 1.7 1.7 
Osage orange 1.9 1.9 1.9 2.0 2.1 2.2 2.3 2.4 
Table A2. Average dbh (cm) of main stems for each tree s2ecies from ~ear three to year ten. 
Year 
3 4 5 6 7 8 9 10 
SI!ecies dbh {cm} 
Crandon 4.2 6.3 7.6 9.9 11.2 12.6 14.3 15.0 
Eu genii 4.0 5.5 5.5 5.6 9.3 10.6 11.2 11.5 
Silver maple 1.9 2.6 2.0 4.0 4.7 7.0 7.7 8.0 
Cottonwood 3.1 5.1 5.9 7.2 9.5 11.1 12.3 11.9 
Willow 2.6 4.0 3.0 3.7 8.1 10.0 11.8 12.7 
Hackberry 0.3 0.6 1.1 1.2 1.3 1.4 1.5 1.6 
Mulberry 0.3 1.0 2.0 1.9 1.9 1.9 2.0 2.1 
Osage orange 0.5 0.8 1.1 1.5 1.7 2.0 2.2 2.4 
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Table A2. Biomass dry weight predictions (MT/ha) for Crandon, Eugenii, and silver maple 
on all site tl'.:pes from year three to year ten, based on site srecific models. 
Year 
3 4 5 6 7 8 9 10 
Land type Dry weight (MT/ha) 
Crandon 
Bottomland 16.0 31.2 52.2 79.5 114 155 203 259 
Slopes 3.9 9.4 18.9 33.2 53.7 81.3 117 163 
Ag-land 5.5 14.3 30.0 54.8 91.4 142 210 298 
Eugenii 
Bottomland 5.1 9.9 16.6 25.4 36.3 49.5 65.0 83 .0 
Slopes 0.7 1.6 3.0 5.0 7.7 11.2 15.6 20.9 
Ag-land 2.5 6.8 15.0 28.6 49.3 79.0 120 174 
Silver ma12le 
Bottomland 0.7 2.2 5.3 10.7 19.4 32.5 51.1 76.7 
Slopes 0.7 1.9 4.0 7.3 12.l 18.9 28.l 39.9 
Ag-land 6.4 14.1 26.3 43.5 66.7 96.6 134 179 
56 
Table A3. Biomass dry weight predictions (MT/ha) for Crandon, Eugenii, and silver maple 
from year three to year ten, based on minimum, mean, and maximum SQ values 
from site quality s2ecific models. 
Year 
3 4 5 6 7 8 9 10 
SQV Dry weight (MT/ha) 
Crandon 
Minimum 3.5 7.8 14.4 23.8 36.5 52.7 73.0 98 
Mean 7.8 17.3 32.1 53.0 81.2 117 162 217 
Maximum 10.7 23.7 43.9 72.6 111 161 222 297 
Eu genii 
Minimum 0.6 1.4 2.6 4.3 6.7 9.8 13.7 18.5 
Mean 2.7 6.1 11.5 19.3 30.0 43.8 61.4 82.9 
Maximum 5.6 12.8 24.2 40.7 63.1 92.4 129 175 
Silver maQle 
Minimum 0.22 0.59 1.3 2.3 4.0 6.2 9.3 13.3 
Mean 1.2 3.3 6.9 12.9 21.7 34.1 50.8 72.7 
Maximum 3.1 8.3 17.7 32.8 55.3 86.9 130 185 
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Table A4. Annual estimates of NPV ($/ha) for Crandon, Eugenii, and silver maple from 
years three to twelve. 
Year 
3 4 5 6 7 8 9 10 11 12 
Land type NPV ($/ha) 
Crandon 
Bottomland -74 380 1,020 1,820 2,750 3,780 4,900 6,080 7,290 8,530 
Slopes -690 -650 -450 -94 440 1,140 2,010 3,050 4,240 5,570 
Ag-land -740 -590 -180 550 1,610 3,030 4,810 6,950 9,440 12,300 
Eugenii 
Bottomland -630 -630 -550 -420 -240 -11 250 540 840 1,160 
Slopes -850 -1,020 -1,150 -1,260 -1,340 -1,390 -1,420 -1,420 -1,410 -1,370 
Ag-land -900 -950 -840 -540 -15 750 1,760 3,030 4,580 6,380 
Silver ma12le 
Bottomland -860 -1,010 -1,090 -1,080 -990 -760 -310 120 2,840 3,810 
Slopes -850 -1,000 -1,120 -1,170 -1, 170 -1,110 -990 -830 1,440 1,850 
Ag-land -700 -600 -340 83 660 1,380 2,240 3,210 6,710 8,020 
